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HIGHLIGHTS 


•  Novel  star-shaped  amphiphilic  liquid 
crystalline  copolymers  are  prepared. 

•  The  copolymers  consist  of  mesogenic 
segment  and  hydrophilic  poly(- 
ethyleneoxide)s. 

•  Lamellar  structures  are  achieved  by 
cooperative  assembly. 

•  The  ionic  channel  is  aligned  greatly 
by  orientation  of  the  mesogens. 

•  Consequently  ionic  conductivity  is 
improved. 
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Star-shaped  polymers  are  synthesized  by  atom  transfer  radical  polymerization  using  poly-(methoxy-poly 
(ethylene  glycol)  methacrylate)  (PPEGMA)  as  a  hydrophilic  segment  and  poly  {10-[(4-cyano-4' -biphenyl) 
oxy]  decatyl  methacrylate)  (PMALC)  as  a  hydrophobic  liquid  crystalline  segment.  Lamellar  morphology  is 
also  achieved  by  cooperative  assembly  of  hydrophobic  mesogen-containing  polymethacrylates  and  the 
amorphous  hydrophilic  PPEGMA  nanoscale  aggregation,  especially  after  liquid  crystal  thermal  annealing. 
In  addition,  the  sequential  effect,  that  is,  the  position  difference  of  the  liquid  crystalline  segments  in  the 
copolymer  electrolytes  causes  two  quite  different  morphologies.  The  liquid  crystalline  segments  ar¬ 
ranged  in  the  star  polymer  inner  sphere  makes  it  difficult  for  the  mesogens  to  interact  with  each  other 
efficiently,  which  leads  to  a  discontinuous  molecular  packing.  However  highly  ordered  domains  can  be 
formed  in  the  electrolytes  with  mesogens  in  the  star  copolymer  exterior,  which  can  provide  a  more 
favorable  morphology  for  the  ions  transportation.  As  a  result,  incorporation  of  the  liquid  crystalline 
segments  into  the  copolymer  has  improved  ionic  conductivity  of  electrolytes,  especially  for  the 
3PPEGMA-PMALC  with  the  mesogen  arranged  in  the  outside  of  star  copolymer  sphere.  Ionic  conductivity 
of  3 PPEGMA- PMALC  annealed  at  liquid  crystalline  state  is  1.0  x  10-4  S  cm-1  at  25  °C,  which  is  higher 
than  that  of  3PPEGMA  electrolytes  without  mesogen  groups. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  polymer  electrolyte  (SPE)  has  been  extensively  studied  for 
more  than  20  years  as  an  alternative  for  the  traditional  liquid 
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electrolyte  in  lithium-ion  cells  because  of  their  potential  applica¬ 
tions  in  many  solid  electrochemical  devices  such  as  high-energy 
density  batteries,  electrochromatic  windows,  chemical  sensors, 
and  light-emitting  devices.  [1,2]  Most  of  the  research  work  focused 
on  poly  (ethylene  oxide)  (PEO)  and  its  derivatives  as  a  polymer 
matrix,  due  to  the  ability  of  PEO  to  dissolve  salts  and  high 
segmental  flexibility  for  ion  transport  in  the  amorphous  phase 
[3,4].  However,  linear  PEO-based  polymer  electrolytes  show 
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Scheme  1.  Synthesis  routes  for  monomers  and  copolymers. 


comparatively  low  ionic  conductivity  (~10~7  S  cm-1)  at  ambient 
temperature.  The  inherent  limitation  of  ion  transport  in  a  solid 
PEO-based  electrolyte  system  makes  it  unlikely  to  reach  the  level  of 
ionic  conductivity  for  practical  applications,  because  an  ionic  con¬ 
ductivity  of  10-3  S  cm-1  at  room  temperature  is  generally  required 
for  an  energy  storage  device.  Several  research  groups  reported  that 
the  graft  polymer  electrolytes  with  more  flexible  oligomeric  PEO 
side  chains  exhibited  the  higher  ion  conductivities  (10-5— 
10  6  S  cm-1)  at  ambient  temperature  [5,6].  Higa  et  al.  [7]  synthe¬ 
sized  a  graft  copolymer  electrolyte  which  contained  a  polyimide 
main  chain  and  methoxy-poly  (ethylene  glycol)  methacrylate  side 
chains,  showing  a  relatively  high  conductivity  (6.5  x  10-6  S  cm-1  at 
25  °C)  and  excellent  tensile  strength  (100  MPa).  Zuo  et  al.  [8]  pre¬ 
pared  a  novel  graft  copolymer  solid  electrolyte,  where  methacry¬ 
late  backbone  is  attached  with  (Ci6)-methoxyl  terminated 
oligo(ethylene  oxide)  side  chains,  exhibited  the  ionic  conductivity 
value  of  ~  1.3  x  10“4  S  cm-1  at  30  °C  and  7.9  x  10~4  S  cm'1  at  80  °C. 
Another  favorable  solution  to  this  problem  involves  the  use  of 
molecular  assembly  of  block  copolymers,  and  much  research  effort 
focused  on  the  production  of  novel  block  copolymers  bearing  liquid 
crystalline  (LC)  or  hydrophobic  blocks  because  of  their  fascinating 
ordered  phenomena  [9].  These  block  copolymers  have  the  advan¬ 
tage  of  combining  the  properties  of  liquid  crystals  and  block  co¬ 
polymers;  which  provides  not  only  novel  functionality  but  also  the 
possibility  of  microphase  separation  formation  due  to  the  regular 


ordering  of  the  liquid  crystals.  A  variety  of  electrolytes  with 
enhanced  performance  based  on  LC  block  copolymers  have  been 
reported  [10-15]. 

Star-shaped  polymers  are  a  class  of  branched  polymers  having  a 
globular  architecture,  which  are  expected  to  exhibit  unique  phys¬ 
ical  properties  and  morphologies  not  observed  in  the  correspond¬ 
ing  linear  polymers.  [16,17]  In  particular,  the  crystallinity  and 
degree  of  chain  entanglement  of  star-shaped  polymers  are  smaller 
than  those  of  the  linear  polymers  [18].  Niitani  et  al.  described  the 
application  of  star-shaped  polystyrene-b-poly(( polyethylene  gly¬ 
col)  methyl  ether  methacrylate)  for  SPE,  finding  that  the  star¬ 
shaped  block  polymer  electrolytes  exhibited  the  enhanced 
lithium  battery  performances  [19].  Kim  et  al.  also  studied  the  star¬ 
shaped  polymer  electrolytes  with  POSS  and  PEG  side  groups  for 
SPEs,  yielding  an  ionic  conductivities  of  1.75  x  10-5  S  cm-1  at  30  °C, 
which  is  two  orders  of  magnitude  higher  than  that  of  the  star¬ 
shaped  polymer  electrolyte  with  MMA  moiety  [20]. 

In  this  study,  we  designed  star-shaped  polymers  containing 
poly-( methoxy-poly  (ethylene  glycol)  methacrylate)  (PPEGMA)  as  a 
hydrophilic  segment  and  poly  {10-[(4-cyano-4'-biphenyl)  oxy] 
decatyl  methacrylate}  (PMALC)  as  a  hydrophobic  liquid  crystalline 
segment  by  atom  transfer  radical  polymerization  (ATRP)  [21-23]. 
The  novel  star  copolymer  electrolytes,  where  a  PMALC  segment  is 
responsible  for  orientation  and  a  PPEGMA  segment  is  used  as 
lithium-ion  conduction  pathway,  are  expected  to  present  the 
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enhanced  ion  conductivity  via  ion  hopping  along  the  amorphous 
branched  structure  in  an  ordered  morphology,  resulting  from  the 
cooperative  assembly  of  mesogenic  pendants  and  flexible  seg¬ 
ments.  Two  copolymer  electrolytes,  3PMALC-PPEGMA  and 
3 PPEGM A- PM ALC  with  the  PMALC  segment  at  different  position 
(interior  or  exterior)  have  been  designed  and  synthesized.  Scheme 
1  shows  the  synthesis  routes  for  monomers  and  copolymers.  The 
liquid  crystalline  properties,  thermal  properties,  morphology  and 
ionic  conductivity  of  the  star  copolymer  electrolytes  have  been 
studied  and  the  influence  of  the  sequential  effect  on  their  proper¬ 
ties  has  also  been  investigated. 

2.  Results  and  discussion 

2.1.  Structural  characterization  of  polymers  and  electrolytes 

The  synthesis  and  structure  of  the  monomers  and  copolymers 
are  outlined  in  Scheme  1.  All  the  reactions  and  manipulations  are 
carried  out  under  a  nitrogen  atmosphere.  The  copolymers  were 
synthesized  by  ATRP  and  the  synthesis  details  have  been  elaborated 
in  Supporting  information.  The  excess  of  2-bromoisobutyryl  bro¬ 
mide  was  used  to  react  with  trimethylolpropane,  which  ensured 
the  completely  consumption  of  -OH  in  starting  materials  to  afford 
3 -arm  structure.  Star  polymers  prepared  from  each  macroinitiator 
were  characterized  via  gel  permeation  chromatography  (GPC),  FT- 
IR  (see  Supporting  Information,  Fig.  SI)  and  aH  NMR  analysis. 
Compared  with  that  of  the  related  star  precursor  in  Fig.  1,  the  GPC 
curves  of  corresponding  copolymers  shift  to  the  higher  molecular 
weight  region  suggesting  that  block  copolymers  have  been  syn¬ 
thesized  successfully.  Low  polydispersity  (PDI  <  1.40)  is  observed 
for  all  the  copolymers  prepared  indicating  the  controlled  polymeric 
architecture  with  narrow  molecular  weight  distribution  was 
generated  in  all  cases.  The  star  shaped  structure  can  be  confirmed 
by  the  disappearance  resonance  peak  of  -OH  of  starting  materials 
in  1H  NMR  of  resulting  polymers  (See  Supporting  information).  The 
1H  NMR  spectra  of  the  star-shaped  polymers  3PPEGMA-PMALC  and 
3PMALC-PPEGMA  in  deute rated  chloroform  are  shown  in  Fig.  2, 
and  those  of  the  intermediates  have  also  been  given  for  compari¬ 
son.  Obviously,  the  well-specified  molecular  structure  of 
3PPEGMA-PMALC  and  3PMALC-PPEGMA  can  be  well  assigned  in 
the  NMR  spectra.  The  resonance  peaks  at  0.8-2  ppm  are  associated 


Fig.  1.  GPC  curves  of  3  PMALC,  3  PPEGM  A,  3PMALC-PPEGMA,  and  3PPEGMA-PMALC, 
respectively. 


to  the  protons  from  the  methacrylate  backbone.  The  proton  peaks 
from  PEG  side  chains  ( 5  =  3.5-4.1  ppm,  CH2-CH2-0  and  3.41  ppm, 
CH3-0)  indicate  the  inclusion  of  PEGMA  in  the  3PPEGMA, 
3PPEGMA-PMALC  and  3PMALC-PPEGMA  polymers.  Proton  peaks 
observed  at  5  =  6.9— 7.6  ppm  are  clearly  assigned  to  the  phenyl 
proton  of  the  LC  groups.  Therefore,  1H  NMR  analysis  supports  the 
successful  synthesis  of  the  star  copolymers  containing  mesogens. 

The  absorption  spectra  of  the  spin-coated  films  of  the  co¬ 
polymers  are  given  in  Fig.  S2.  The  UV-vis  maximum  absorption 
peak  of  the  as-prepared  films  at  293  nm  decreased  greatly  after 
annealing,  probably  attributed  to  the  out-of-plane  alignment  of  the 
cyanobiphenyl  mesogens,  which  is  similar  to  literature  reported 
results  [24,25  .  Moreover,  a  red  shift  of  about  5  nm  appeared  after 
annealing,  due  to  the  more  oriented  tu-tc  stacking  [26]. 

The  interaction  between  the  polar  groups  and  Li+  ions  in  the 
electrolytes  has  been  characterized  by  IR  spectra.  Generally,  the 
carbonyl  (C=0)  and  ether  (C— 0— C)  groups  bonded  with  Li+  al¬ 
ways  results  in  the  related  absorption  peaks  shifting  to  the  lower 
wave  number  because  of  the  reduced  electron  density  [27,28].  The 
phenomenon  also  can  be  observed  in  the  IR  spectra  of  several 
3PPEGMA-PMALC  based  electrolytes,  presented  in  Fig.  S3.  The 
ether  bond  absorption  peak  of  3PPEGMA-PMALC  based  electro¬ 
lytes  shifts  to  the  lower  frequency  as  the  increase  of  the  salt 
concentration.  The  peak  at  1727  cm-1  assigned  to  the  carbonyl 
group  of  the  methacrylate  does  not  change  with  the  lithium  salt 
concentration.  The  reason  is  that  there  is  a  competition  between 
C=0  groups  and  C-O— C  groups  to  coordinate  with  Li+.  Most  of 
the  Li+  ions  tend  to  coordinate  to  the  ether  bond  since  the  content 
of  C-O— C  groups  in  the  studied  electrolytes  is  much  higher  than 
that  of  C=0  groups  [8]. 

2.2.  Thermal  behaviors  and  liquid  crystallinity 

Temperature  for  5  wt%  loss  has  often  been  used  as  a  degradation 
temperature  (Id)  to  estimate  thermal  stability  of  a  synthetic  poly¬ 
mer.  The  Td  values  for  3PPEGMA,  3 PPEGM A-PM ALC  and  3PMALC- 
PPEGMA  are  approximately  290  °C  (see  Fig.  3),  indicating  that  the 
3-arm  copolymers  are  thermally  stable.  Fig.  4  shows  microphoto¬ 
graphs  of  the  mesomorphic  textures  of  monomer  MALC,  3 PMALC, 
copolymers  3PMALC-PPEGMA,  3  PPEGM  A-PM  ALC  and  corre¬ 
sponding  electrolytes  doped  with  the  lithium  salt  taken  under  a 
polarized  optical  microscope  (POM).  From  the  figure  we  can  see 
that  monomers  and  copolymers  exhibit  the  enantiotropic  liquid 
crystallinity.  The  cyanobiphenyl  mesogen  possesses  so  strong  self- 
assembly  ability  that  all  of  copolymers  present  optical  anisotropy 
with  birefringent  textures  when  heated  or  cooled  even  after  doped 
with  LiC104.  The  mesomorphic  behavior  of  copolymers  and  elec¬ 
trolytes  also  has  been  studied  by  differential  scanning  calorimetry 
(DSC)  and  the  samples  are  first  heated  to  180  °C  to  remove  thermal 
history.  The  DSC  traces  of  the  star  copolymers  display  rich  phase 
transitions,  as  shown  in  Fig.  5A.  In  the  subsequent  first  cooling 
cycle,  the  isotropic  to  liquid-crystalline  (LC)  transition  is  observed 
at  96.0  °C  for  3  PPEGM  A- PMALC  and  91.4  °C  for  3PMALC-PPEGMA, 
and  the  exothermic  peak  is  ascribed  to  the  linear  block  PEG  crys¬ 
tallization  upon  cooling  between  6.8  and  14  °C.  In  the  second 
heating  cycle,  transition  temperatures  (Ti)  from  the  LC  to  isotropic 
are  located  between  96  and  103  °C,  and  the  glass  transitions  of  PEG 
block  in  3PPEGMA-PMALC  and  3 PMALC-PPEGMA  are  observed 
at  -60.1  and  -51.8  °C,  respectively.  3PEGMA-PMALC  electrolytes 
show  obvious  endothermic  peak  in  the  DSC  curve  at  about  102  °C 
(shown  in  Fig.  5B),  indicating  that  the  electrolytes  are  liquid  crys¬ 
tals.  The  Tg  of  the  copolymer  increases  with  the  salt  concentration 
increasing,  which  can  be  attributed  to  ion— dipole  interactions 
reducing  the  segmental  motion  of  the  copolymer  electrolytes  [29]. 
The  transition  temperatures  and  the  enthalpies  of  the  star 
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Fig.  2.  aH  NMR  spectra  of  the  copolymers  3PPEGMA,  3PPEGMA-PMALC,  3PMALC,  and  3PMALC-PPEGMA. 


copolymers  and  electrolytes  with  various  [0]/[Li+]  ratios  have  been 
recorded  and  summarized  in  Table  SI.  3PPEGMA  shows  the  lowest 
Tg  and  3PMALC-PEGMA  has  the  highest  Tg  for  the  reason  of  the 
filler  effect  of  LC  contents.  Interestingly,  the  copolymers  of 
3PPEGMA-PMALC  and  3PMALC-PPEGMA  have  almost  the  same 
content  of  rigid  LC  moieties  and  only  differ  with  sequence  of 
PEGMA  and  PMALC  blocks,  but  the  Tg  of  3PPEGMA-PMALC  is  still 
lower  than  that  of  3PMALC-PPEGMA.  This  implies  that  the  rigidity 
of  LC  moieties  in  the  exterior  of  the  star  copolymer  can  reduce  the 
increase  of  Tg  through  increasing  the  free  volume  and  external 
plasticization  [30]. 

2.3.  Morphology  of  the  copolymers  and  electrolytes 

The  microstructures  of  the  star  copolymers  and  electrolyte  films 
were  studied  using  X-ray  diffraction,  and  the  films  annealed  at  their 
liquid  crystalline  states  are  added  for  comparison  (Fig.  6). 
Compared  to  the  as-cast  film,  the  XRD  diffractogram  of  all  the  films 


Fig.  3.  TGA  thermogram  of  3-arm  polymers  recorded  under  nitrogen  at  a  heating  rate 
of  10  °C  min-1. 


annealed  at  the  liquid  crystalline  state  show  an  obvious  reflection 
at  26  =  5.6°,  corresponding  to  a  layer  spacing  of  15.80  A  (di),  which 
is  close  to  the  molecular  length  of  side  chain  with  mesogens.  The 
peak  located  at  26  =  3.9°  (d2  =  22.67  A)  is  associated  to  the 
methylene  chain  distance  of  the  side  chain,  that  is,  the  distance 
between  the  mesogenic  to  backbone.  The  mesophase  of  the 
copolymer  thus  may  consist  of  such  a  layered  structure  as  shown  in 
Fig.  7.  It  suggests  that  the  formation  of  liquid-crystalline  domains 
with  well-ordered  crystalline  nanostructure  can  be  induced  by 
oriented  cyanobiphenyl  after  LC  thermal  annealing  [31  .  We  also 
carried  out  powder  X-ray  diffraction  (XRD)  experiments  on  the 
copolymers  at  different  temperature  with  the  aim  to  collect  more 
information  on  the  mesomorphic  structure  (Fig.  S4).  Upon  heating, 
no  apparent  variation  in  the  WAXD  profile  is  seen  until  the  tem¬ 
perature  reaches  to  90  °C,  where  a  diffraction  hump  at  26  =  2.2°  has 
emerged  for  3PPEGMA-PMALC  copolymer  (Fig.  S4A).  Further 
heating  up  to  100  °C  results  in  the  reflection  peaks  sharpened  and 
reaching  their  maximum  intensities.  The  sharp  reflection  at 
26  =  2.2°  with  a  layer  spacing  of  d 3  =  39.53  A  is  corresponding  to 
the  interdigitated  manner  of  the  repeat  unit  of  liquid-crystalline 
side  chains  in  its  most  extended  conformation.  The  mesogens  ar¬ 
ranged  in  an  antiparallel  overlapping  interdigitated  manner  of  the 
structure  is  schematically  shown  in  Fig.  7.  At  110  °C,  the  reflections 
disappeared,  indicating  that  the  spontaneous  assembly  of  the 
liquid-crystalline  molecules  pushes  star  copolymers  to  form  ori¬ 
ented  structure  upon  heating  at  liquid-crystalline  states.  In  contrast 
to  the  3 PPEGMA-PMALC,  the  XRD  diffractograms  at  different  tem¬ 
perature  of  the  3PMALC-PPEGMA  show  more  diffuse  around 
26  =  2.2°.  This  suggests  that  the  sequence  of  the  mosogens  and 
PEGMA  is  crucial  for  the  molecular  packing,  and  the  mesogens  ar¬ 
ranged  in  the  outside  of  the  copolymer  is  more  favorable.  The 
packing  arrangement  of  molecules  also  can  be  supported  by  AFM 
and  TEM  analysis  (discussed  later). 

We  investigated  the  surface  structure  of  the  copolymer  films  by 
using  an  atomic  force  microscope  (AFM).  As  shown  in  Fig.  S5a  and 
S5b,  novel  wormlike  microphase  domains  are  clearly  observed  in 
AFM  images  of  annealed  3PPEGMA-PMALC  films  due  to  the  dif¬ 
ference  in  elastic  modulus  between  amorphous  PPEGMA  and  cya¬ 
nobiphenyl  phases,  which  is  different  from  the  phase  segregated 
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Fig.  4.  Mesomorphic  textures  observed  on  cooling  (A)  MALC,  (B)  3PMALC,  (C)  3PMALC-PPEGMA,  (D)  3PPEGMA-PMALC,  and  electrolytes  ([0]/[Li+]  ratios  =  20)  (E)  3 PM ALC- PPEGM A, 
(F)  3PPEGMA-PMALC  from  their  isotropic  melts,  respectively. 


morphologies  of  block  copolymers  with  weak  molecular  in¬ 
teractions  [32].  The  structure  of  3PMALC-PPEGMA  has  been  man¬ 
ifested  by  the  distinctive  aggregated  morphology,  as  shown  in 
Fig.  S5c  and  S5d.  Discontinuities  of  the  cylindrical  packing  are 
caused  by  the  LC  mesogens  in  the  star  polymer  inner  sphere,  which 
makes  it  difficult  for  the  mesogens  to  interact  with  each  other 
efficiently. 

Transmission  electron  microscopy  (TEM)  was  further  employed 
to  supplement  the  AFM  findings  and  explore  the  morphology  of  the 
star  copolymers.  Two  typical  TEM  images  are  shown  in  Fig.  8.  The 
copolymers  exhibit  well-defined  morphologies  with  the  nano-scale 
microphase-separation  between  the  mesogen  functionalized  hy¬ 
drophobic  block  and  the  hydrophilic  PPEGMA  block.  The  flexible 
PPEGMA  blocks  show  more  dark  domains  compared  with  the 
cyanobiphenyl  mesogenic  blocks  with  the  lighter  regions.  33]  A 
typical  striped  morphology  of  3PPEGMA-PMALC  copolymer  in  their 
LC  state  (Fig.  8a)  proves  the  formation  of  highly  ordered  domains 
with  a  lamellar  structure,  in  a  good  agreement  with  those  from 
AFM  measurement.  Fig.  8b  shows  an  irregular  phase  separation  for 
3 PMALC- PPEGMA  at  95  °C.  The  discontinuities  of  the  triangulate 
stripes,  marked  by  ellipses,  should  be  related  to  the  3-arm  LC 
segment  in  inner  sphere.  The  two  entirely  different  morphologies 
demonstrate  the  sequential  effect  of  the  same  component  star  co¬ 
polymers.  Computer-generated  molecular  geometry  of  3PPEGMA- 
PMALC  shows  a  better  interaction  for  the  molecular  than  that  of 
3 PMALC-PPEGMA  in  Fig.  S6. 

From  the  combination  of  all  investigation  results,  a  model  for 
the  self-assembled  structure  of  star  shape  liquid  crystalline  copol¬ 
ymer  is  proposed  as  schematically  sketched  in  Fig.  9,  where  the 
amorphous  PPEGMA  nanoscale  aggregation  is  orientated  by  LC 
groups  and  the  whole  composite,  and  the  ion-conducting  layer  of 
the  ethylene  oxide  part  as  a  hydrophilic  segment  and  the  layer  of 


aromatic  parts  as  hydrophobic  liquid  crystalline  segments  afford  an 
ordered  ion  mobility  pathway. 

2.4.  Ionic  conductivity 

Fig.  10  plots  the  dependence  of  the  conductivity  on  1/T  for  all 
three  copolymer  electrolytes  in  the  temperature  range  from  25  °C 
to  85  °C.  The  ionic  conductivity  increases  with  the  elevated  tem¬ 
perature,  although  their  profiles  are  somewhat  different  from  each 
other.  The  ionic  conductivity  of  the  copolymer  electrolytes  based  on 
3PPEGMA-PMALC  and  3 PMALC-PPEGMA  with  mesogen  segment 
are  lower  than  that  of  3 PPEGMA  electrolyte  at  low  temperature, 
probably  because  the  LC  groups  cannot  transfer  the  lithium  ions 
effectively.  However  with  temperature  increasing,  the  ionic  con¬ 
ductivity  value  of  the  liquid  crystalline  copolymer  is  higher  than 
that  of  3 PPEGMA  electrolyte.  The  improved  ionic  conductivity 
suggests  that  orientation  of  mesogens  favors  the  formation  the 
conducting  pathway  with  less  entanglement  and  promotes  more 
cooperative  motion  of  the  grafted  PEG  side  chains  [34].  The 
sequence  of  the  segments  in  the  star  copolymers  also  has  some 
influence  on  the  conductivity  because  3PPEGMA-PMALC  developed 
more  ordered  morphology  than  its  analogous  copolymer  3PMALC- 
PEGMA.  Comparing  3PPEGMA-PMALC  with  3PMALC-PEGMA,  the 
former  has  relatively  higher  conductivity  values  throughout  all  the 
temperature.  Moreover,  the  glass  transition  of  the  PEG  moiety  for 
the  3 PPEGMA-PMALC  and  3 PMALC-PPEGMA  electrolytes  is 
observed  at  -60.1  °C  and  -51.8  °C  respectively.  This  observation 
suggests  that  the  PEG  moiety  of  the  3PPEGMA-PMALC  electrolytes 
shows  higher  mobile  at  room  temperature,  more  beneficial  for  Li- 
ions  transportation. 

Fig.  11  shows  the  temperature  dependence  of  the  conductivity 
for  3PPEGMA-PMALC  electrolyte  with  various  [0]/[Li+]  ratios.  In  all 
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Fig.  5.  DSC  thermograms  of  (A)  3PPEGMA-PMALC,  (B)  its  electrolytes  with  various  [0]/ 
[Li+]  ratios  recorded  under  nitrogen  during  the  second  heating  scans  at  a  scan  rate  of 
10  °C  min-1  and  [0]/[Li+]  ratios  Z  =  (a)  30,  (b)  25,  (c)  20,  (d)  15,  and  (e)  10,  respectively. 

cases,  the  salt  content  in  the  composite  is  kept  constant  related  to 
the  amount  of  ethylene  oxide  (EO)  unit  in  the  polymer.  The  varia¬ 
tion  of  conductivity  with  temperatures  suggests  a  Vogel-Tam- 
man— Fulcher  (VTF)  behavior  which  is  often  observed  for 
amorphous  polymer  electrolytes,  suggesting  that  the  ion  mobility  is 
coupled  with  the  segmental  motion  of  the  polymer  chain.  For  the 
3PPEGMA-PMALC  electrolyte,  with  a  [0]/[Li+]  ratio  decreasing  from 
30  to  20,  the  ionic  conductivity  value  increases  and  reaches  to  the 
maximum.  However,  further  improving  the  salt  content  results  in 
the  aggregation  of  salt,  thus  leads  to  a  remarkable  decrease  in  the 
total  ionic  conductivity.  The  conductivity  data  is  fitted  according  to 
the  VTF  equation 

’T'n  =  (1) 

where  A  is  a  frequency  factor  that  is  often  related  to  the  number 
and  mobility  of  charge  carriers,  Fa  is  an  activation  energy,  To  is  the 
ideal  transition  temperature  at  which  relaxation  times  become 
infinite  and  the  free  volume  disappears,  and  R  is  the  perfect  gas 
constant,  8.314  J  K  1  mol-1.  According  to  the  literature  on 
polyether-based  polymer  electrolytes,  T0  is  50  I<  below  the  glass 


Fig.  6.  XRD  patterns  of  (A)  star  copolymers,  (B)  corresponding  electrolytes  ([O]/ 
[Li+]  =  20)  as-cast  films  and  annealing  from  their  liquid  crystalline  states,  respectively. 


transition  temperature  (Tg).  [35]  The  VTF  equation  predicts  that  a 
plot  of  In  (oT1/2)  vs.  (T  -  T0)  should  be  linear,  which  is  exactly 
observed  in  Fig.  S7.  The  values  of  the  VTF  parameters  for  the  elec¬ 
trolytes  are  listed  in  Table  S2.  The  A  parameter  and  the  activation 
energies,  Fa,  in  equation  (1)  tends  to  increase  as  the  T0  increases, 
exhibiting  the  same  tendency  to  the  literature  [36,37].  Further¬ 
more,  the  aggregation  of  salts  should  be  responsible  for  the 
decrease  in  A  and  Fa  values  at  the  higher  salt  concentrations. 

The  ionic  conductivities  of  the  star  copolymer  electrolytes 
annealed  at  liquid-crystalline  phase  are  also  measured.  Fig.  12  de¬ 
picts  the  electrochemical  impedance  spectra  of  the  as-cast  elec¬ 
trolytes  and  annealing  film  at  room  temperature.  The  impedance 
spectra  exhibit  an  inclined  line  for  all  samples.  As  for  the  blocking 
electrode  used  in  the  experiment  described  in  Ref.  [38],  since  there 
is  no  ion  source  or  sink,  the  electrical  double  layer  at  each  interface 
possesses  infinite  resistance  against  ion  transfer,  which,  in  the 
Nyquist  plot  of  impedance  spectra,  would  result  in  a  straight  line. 
The  intercept  of  the  Nyquist  plot  with  the  real  axis  of  the  imped¬ 
ance  spectra  gives  the  electrolyte  bulk  resistance  (Rb)-  The  calcu¬ 
lated  ionic  conductivity  values  are  also  shown  in  Table  1.  As 
expected,  the  ionic  conductivities  of  the  annealed  electrolytes  are 
higher  than  those  of  as-cast  films,  and  the  3PPEGMA-PMALC  shows 
higher  conductivity  than  its  analogous  3PMALC-PPEGMA. 
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Fig.  8.  TEM  images  of  (a)  3PPEGMA-PMALC  and  (b)  3PMALC-PPEGMA  film  annealing  at  its  liquid  crystalline  states  (95  °C). 


Fig.  9.  Schematic  depiction  of  the  arrangement  of  the  copolymer  3PPEGMA-PMALC 
annealing  from  the  liquid  crystalline  state.  Lithium  ions  are  contained  within  the 
PPEGMA  domain. 


Particularly,  electrolyte  conductivity  value  of  3PPEGMA-PMALC  is 
improved  to  1.0  x  10  4  S  cm-1,  even  higher  than  that  of  3PPEGMA 
electrolyte.  The  improved  ionic  conductivity  further  supports  that 
the  favorable  pathway  induced  by  cooperative  self-assembly  of  LC 
group  and  PEGMA  segment  ensures  more  efficient  and  faster 
lithium  ions  transportation. 

3.  Conclusions 

A  facile  strategy  is  developed  to  prepare  a  novel  star  branched 
amphiphilic  polymethacrylate  liquid  crystalline  block  copolymers 
containing  PEG  and  cyanobiphenyl  side  chain.  The  copolymer 
electrolytes  were  synthesized  by  adding  LiC104  into  3PPEGMA- 
PMALC  and  3PMALC-PEGMA  copolymer  with  different  ratios.  The 


cyanobiphenyl  mesogen  induces  all  of  the  copolymers  and  elec¬ 
trolytes  with  enantiotropic  liquid  crystalline  optical  anisotropy,  and 
nanoscale  phase  separation  is  achieved.  The  aligned  nanostructures 
of  the  mesogen  modified  star  branched  block  copolymers  have 


-2.8 


2.7  2.8  2.9  3.0  3.1  3.2  3.3  3.4 

Temperature,  1000/T,  K'1 

Fig.  10.  Temperature  dependence  of  ionic  conductivity  of  3-arm  copolymers  with  [0]/ 
[Li+]  =  20. 
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Fig.  11.  Temperature  dependence  of  ionic  conductivity  of  3PPEGMA-PMALC  with 
various  [0]/[Li+]  ratios. 
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Fig.  12.  AC  impedance  spectra  of  as-cast  films  ([0]/[Li+]  =  20)  and  the  electrolytes 
annealed  from  their  liquid  crystalline  states  recorded  at  room  temperature. 


Table  1 

Ionic  conductivity  (at  25  °C)  of  as-cast  films  ([0]/[Li+]  =  20)  and  the  electrolytes 
annealed  from  their  liquid  crystalline  states. 


Copolymer  electrolytes 

Conductivity  (S  cm  *) 

3PPEGMA/LiC104 

As-cast  film 

7.7  x  10"5 

Annealed  film 

- 

3PPEGMA-PMALC/LiC104 

As-cast  film 

cn 

X 

o 

Annealed  film 

1.0  x  10  4 

3PMALC-PPEGMA/LiC104 

As-cast  film 

4.5  x  10"5 

Annealed  film 

8.1  x  10"5 

been  demonstrated  by  cooperative  assembly  of  hydrophobic 
mesogen-containing  polymethacrylate  groups  and  the  amorphous 
hydrophilic  PPEGMA  nanoscale  aggregation.  Incorporation  meso- 
gen  into  star  branched  blocked  polymers  leads  to  significant 
improvement  of  ionic  conductivity  and  thermal  annealing  from  LC 
states  can  further  enhance  the  ionic  conductivity.  The  sequential 
effect  of  the  LC  segment  in  the  copolymer  electrolytes  results  in  the 


morphology  of  copolymer  electrolytes  quite  different.  Compared 
with  the  LC  segment  arranged  in  the  star  copolymer  interior  sphere 
(3PMALC-PPEGMA),  the  one  in  exterior  sphere  (3PPEGMA-PMALC) 
induces  more  favorable  ions  pathway  for  ions  transportation.  The 
highest  room  temperature  ionic  conductivity  is  found  to  be 
1.0  x  10  4  S  cm-1  for  the  3PPEGMA-PMALC/LiC104  electrolyte  with 
[0]/[Li+]  ratio  of  20  after  annealing.  We  believe  that  the  polymer 
electrolytes  combining  the  LC  group  with  branched,  block  structure 
should  be  a  good  candidate  for  all-solid-state  lithium  ions  batteries. 


Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2013.08.139. 
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